Mapping of the simian virus 40 (SV40) late promoter was carried out in the absence of the viral early protein, large tumor (T) antigen, and replication of the viral DNA template. SV40 late control region DNA fragments, containing specific deletions, were cloned directly upstream from the coding region of the herpes simplex virus-1 (HSV-1) thymidine kinase (TK; ATP:thymidine 5'-phosphotransferase, EC 2.7.1.21) gene (tk). The promoter activities of the fragments were determined by measuring the tk transformation frequencies of the chimeric tk constructs in mouse L TK-APRT-(adenine phosphoribosyltransferase-negative) and human 143B The minimal replication origin includes the 17-, 15-and 27-bp palindromes (6, 7) and the 17-bp A+T-rich sequence (8). The 21-bp repeat, located outside the minimal origin, enhances the replication efficiency of SV40 DNA (8). The major early mRNA initiation sites are located between nucleotides 5,237 (5,155) and 5,233 (5,151) within the 27-bp palindrome (9). The early promoter components include a "TATA" box located within the 17-bp A+T-rich sequence and a C-rich oligonucleotide directly repeated six times within the three copies of the 21-bp repeat (10-12). In addition, efficient early transcription in vivo requires a cis -acting enhancer element present within the 72-bp repeat capable of operating in an orientation-and position-independent fashion (13-15).
The SV40 control region functions with equal efficiencies in the early and late promoter orientations. (it) A major late control element has been localized within the G+C-rich 21-base-pair (bp) repeat. Thus, in conjunction with our earlier results, the 21-bp repeat is a bidirectional promoter element functioning as a major component of both the early and late promoters and is an element that enhances the replication efficiency of SV40 DNA. (iiW) Minor late promoters have been localized within the minimal replication origin and the 72-bp repeat. (iv) The minimal replication origin is not per se a constituent of the major late promoter; however, both the minimal replication origin and the 21-bp repeat are required for obtaining high levels of late gene expression observed at late times after infection by SV40. (v) The 72-bp repeat exerts a 4-to 5-fold enhancement of late promoter expression.
A 342-base-pair (bp) noncoding region of simian virus 40 (SV40) DNA located from nucleotides 5,171 (5, 089) to 270 (188) between the viral early and late coding regions, known as the origin region, contains the replication origin, promoters of the early and late transcriptional units, and sequences that mediate the switch from early to late region expression.
[The SV40 nucleotide numbers are according to the SV numbering system (1) derived from the SV40 nucleotide sequence determined by Reddy et al. (2) , Fiers et al. (3) , and Van Heuverswyn and Fiers (4) ; the accompanying numbers in parentheses are according to the Weissman system (2, 5) .] This region contains a few palindromes, a 17-bp A+T-rich sequence, three copies of a G+C-rich 21-bp repeat, and two copies of a 72-bp repeat. Our laboratory has been interested in precisely defining the boundaries of the control elements listed above and assigning functions to the various sequences present in this region of SV40 DNA.
The minimal replication origin includes the 17-, 15-and 27-bp palindromes (6, 7) and the 17-bp A+T-rich sequence (8) . The 21-bp repeat, located outside the minimal origin, enhances the replication efficiency of SV40 DNA (8) . The major early mRNA initiation sites are located between nucleotides 5,237 (5,155) and 5,233 (5,151) within the 27-bp palindrome (9) . The early promoter components include a "TATA" box located within the 17-bp A+T-rich sequence and a C-rich oligonucleotide directly repeated six times within the three copies of the 21-bp repeat (10) (11) (12) . In addition, efficient early transcription in vivo requires a cis -acting enhancer element present within the 72-bp repeat capable of operating in an orientation-and position-independent fashion (13) (14) (15) .
SV40 late transcription occurs in the direction opposite to that of the early transcription. The late mRNA initiation sites are heterogeneous (16, 17) ; the major site is around nucleotide 325 (243), and less abundant sites are around nucleotides 264 (182), 192 (110), 170 (88), 140 (58), 120 (38), and 28 (5,189). The SV40 late promoter has not been mapped previously, but its essential elements should be contained within the 342-bp origin region because viable deletion mutants lacking sequences downstream from the origin region in the late direction have been isolated and characterized (18) (19) (20) . A recent study on the early promoter has implied that the 21-bp repeat may be a part of the late promoter (12) . Another study has suggested that the minimal replication origin is indistinguishable from the late promoter (17) . In the study reported here, we mapped the SV40 late promoter sequences in the absence of complications due to the presence of tumor (T) antigen and replication of the DNA template by using a deletion-mapping technique (10) . In this technique, SV40 late-control-region fragments bearing specific deletions were assayed for their promoter efficiencies by connecting them to the coding region of the herpes simplex virus 1 (HSV-1) thymidine kinase (TK; ATP-thymidine 5'-phosphotransferase, EC 2.7.1.21) gene (1k) and assaying the expression of the chimeric tk in vivo.
MATERIALS AND METHODS
The sources of recombinant plasmids and cell lines used in this study have been indicated (8, 10, 21, 22 APRT, adenine phosphoribosyltransferase.
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with the form I late promoter tk constructs. The cells were transferred to hypoxanthine/aminopterin/thymidine selective media 16 hr after transfection (10) . The media were replaced once in 3 days. After 14-18 days of transfection, the colonies of cells that developed were fixed with methanol, stained with Giemsa dye, and counted. RESULTS
The SV40 Late Promoter Functions as Well as the Early Promoter in the Absence of T Antigen or Template Replication. SV40 T antigen is not present in the TK-cell lines used in this study; therefore, even in the semipermissive human cell line, our chimeric tk constructs (including those possessing a functional SV40 replication origin) cannot replicate. This situation is ideal for examining the promoter sequences directly, with' l t any complication due to replication of the template or Livation by T antigen. Using the tk transformation assay for measuring promoter efficiencies in these cell lines, we find that the complete origin segment in the late orientation (LP1) exhibits a promoter efficiency higher than that of the HSV-1 tk promoter ( Fig. 1 ) and equal to that of the complete SV40 early promoter (data not shown), in agreement with two recent studies on this subject (23, 24) .
The Minimal Replication Origin Does Not Contain the Major Late Promoter. The question of whether there is a direct role for replication in SV40 late gene expression has been around for a number of years and was the subject of a recent study by Contreras et al. (17) . They reported that the replication-negative SV40 mutant d184 (ref. Late promoter segment LP3 lacks the entire minimal replication origin, while LP2 lacks a portion of that (Fig. 1) . Constructs pLP2tk and pLP3tk give rise to nearly the same tk transformation frequency as that of pLPltk (which contains the complete late control region) in both L TK-APRT-and 143B TK-cell lines (Figs. 1 and 2 ). These results indicate that the major late promoter element is not contained within the minimal replication origin.
The promoter efficiency of segment LP8 (which contains the minimal replication origin but lacks the 21-and 72-bp repeats) is moderate in L TK-APRT-cells but is not detectable in the more stringent 143B TK-cells (Fig. 2) . This result indicates the presence of a minor late promoter element within the minimal replication origin.
A Major Late Control Element Is Located Within the G+C-Rich 21-bp Repeat. Segment LP3, which lacks the minimal replication origin but contains the 21-and 72-bp repeats, exhibits a strong promoter activity in both L TK-APRT-and 143B TK-cells. In contrast, LP4, which lacks the minimal origin and all three copies of the 21-bp repeat but contains the 72-bp repeat, has a promoter efficiency that is low in L TK-APRT-cells but only barely detectable in 143B TKcells ( Figs. 1 and 2 5 and 2 ,ug, respectively, of the tk constructs per dish. The colonies produced were stained 18 days after transfection. The transformation frequencies of tk constructs made with the late promoter segments LP1, LP5, LP6, LP9, and LP11 are not shown in this figure but are shown in Fig. 1. peats causes this dramatic drop in promoter activity, the major late control element should be contained within the 21-bp repeated sequence. Further evidence in support of this conclusion comes from our other results that the LP7 segment lacking the 72-bp repeat but retaining two copies of the 21-bp repeat exhibits a moderate promoter efficiency, whereas the LP9 segment having an internal deletion of the entire 21-bp repeated sequence exhibits almost no promoter efficiency in 143B TK-cells (Figs. 1 and 2) . Similar results on the importance of the 21-bp repeats for SV40 late transcription have been obtained by another group of workers using an in vitro transcription assay (J. Brady, personal communication).
The Role of the 72-bp Repeat in SV40 Late Promoter Expression. The low promoter efficiencies of segments LP4, LP5, and LP6 in L TK-APRT-cells (Fig. 1) indicate the presence of minor late promoter elements within the 72-bp repeat (probably occurring once in each copy of this sequence).
Comparisons of the promoter efficiencies of the pairs LP4-LP5 and LP8-LP9 (Figs. 1 and 2) indicate that the segment containing the 72-bp repeat shows a slight improvement in promoter efficiency in 143B TK-cells compared to the related fragment lacking one complete copy of this sequence. In another comparison, LP1 exhibits a 4-to 5-fold increased promoter efficiency compared to LP7 in 143B TKcells (Fig. 2) . The main difference between LP1 and LP7 is the lack of the 72-bp repeat in the latter and its presence in the former (Fig. 1) . This finding indicates that the 72-bp repeat exerts an approximately 4-to 5-fold enhancement of SV40 late promoter expression.
A summary of the late promoter map positions determined in this study is presented in Fig. 3 along with map positions of the replication origin and the early promoter determined earlier (8, 10) . DISCUSSION Using the sensitive tk transformation assay, we find that the SV40 late promoter works as well as the early promoter in the complete absence of T-antigen synthesis and template replication, in agreement with recent studies on this subject (23, 24) . However, gene expression driven by the SV40 late (or early) promoters under these conditions (in the absence of T antigen and replication), though readily measurable by the sensitive tk transformation assay, is low compared to the high level of late gene expression at late times of infection by SV40, as shown by a more recent study in our laboratory (unpublished data). In this latter study, tk in our late promoter constructs was replaced by the gene for chloramphenicol acetyl transferase (CATase) (26) , and this enzyme, expressed 48 hr after transfection of CV-1 monkey kidney cells with the chimeric CATase gene constructs, was assayed; 20-to 50-fold more CATase activity was expressed in transfect- (16, 17) ; early mRNA initiation sites at early (E-E) or late (L-E) times after SV40 infection (9) ; early promoter map positions (10-12); replication origin map positions (6-8); T-antigen binding sites (25) . The term "core region" denotes the minimal replication origin.
ed cells that were also infected with SV40 subsequent to the transfection compared with those that were not (data not shown).
Based on their results of reduced late mRNA synthesis by the replication-negative SV40 mutant d184 in Xenopus oocytes, Contreras et al. (17) (17) with the SV40 mutant d18-4 may be explained as due to the replication defect in this mutant DNA, which indirectly influences its late gene expression in a negative way. This explanation is not attractive because SV40 DNA, having a functional replication origin, does not replicate significantly in Xenopus oocytes. A better explanation is that this mutation has a direct effect on late gene expression. This explanation is supported by evidence presented in our present study, obtained in the absence of T antigen and template replication. Late promoter segment LP11 which has the d184 mutation within the minimal replication origin exhibits one-fourth to one-fifth the promoter efficiency of segment LP3, which lacks the minimal replication origin altogether (Fig. 1) . The d184 mutation, in which a 4-bp segment is deleted from the 27-bp palindrome located within the minimal replication origin (7), converts the 27-bp perfect palindrome into a 23-bp imperfect palindrome. A resultant change in structure within the origin region could explain the negative effect of the d184 deletion.
The three copies of the 21-bp repeat contain six copies of the octanucleotide
(R = purine, Y = pyrimidine), which occur as direct, nontandem repeats. The C-rich strand of the sequence occurs in the polarity of the early mRNA, and the G-rich strand occurs in that of the late mRNA. This oligonucleotide is not symmetrical, and its sequence in one orientation is quite different from that in the other one. In spite of consisting of such a highly polar sequence, the 21-bp repeat is able to function as a promoter element in vivo equally well in both the early and late orientations, as shown by the results of our present study and a previous study from our laboratory (10 
